We examine the processes of the luminescence in subordinate lines of muonic hydrogen µp and muonic helium ion (µ 4 He) + in the presence of background source of X-ray emission. It is supposed that certain amount of muonic atoms existing in the vicinity of astrophysical source reemits absorbed radiation in the subordinate lines. The intensity of luminescence of such a process is proportional to the quantum yield which was calculated for different pumping channels and different models of spectra. It is shown that the luminescent lines of muonic hydrogen and muonic helium ion can be very noticeable in the spectrum of background source.
I. INTRODUCTION
In this paper we consider the possibility to observe signatures of muonic hydrogen on the spectrum of astrophysical sources of X-ray emission. The method used in the present work for the estimations of quantum yield q ij was first proposed in [1] in the context of Cosmic Microwave Background (CMB) distortions and applied later in [2, 3] for the calculations of CMB distortions from primary molecules. By definition, the quantum yield q ij is the ratio of mean number of photons of specified frequency emitted in transition from the upper level i to the lower level j to the number of resonant photons in the pumping channel. Then the luminescence intensity is proportional to the pumping intensity and to the quantum yield q ij depending on the nature of the trajectory of the excited electron over the levels. Recently the luminescence in primordial helium lines at the prerecombination epoch was considered in [4, 5] . It was shown the luminescent lines can be very noticeable in the spectrum of blackbody background radiation. In the present paper we extend approach proposed in [4, 5] for the calculations of luminescence intensity of in subordinate lines of muonic hydrogen atom µp and muonic helium ion (µ 4 He) + in the presence of background source of X-ray emission.
The paper is organized as follows. Section II is devoted to the calculation of quantum yield q ij in the subordinate lines of muonic atoms in the presence of background source of light. Different models of spectra are considered. Results of numerical calculations and discussion of them are given in section III.
II. FORMATION OF LUMINESCENT LINES OF MUONIC ATOMS
The intensity of the luminescent lines is proportional to the quantum yield. The quantum yield can be found from the solution of the system of kinetic balance rate equations [4] 
where n i is the occupation number of i-th level, R ij is the probability coefficient (transition rate in s −1 ) for the transition i → j, t is the time, N is the number of considered bound states. Sum over j in Eq. (1) implies summation over the set of quantum numbers n j l j , where n j is the principal quantum number, l j is the angular momentum of the state j. In the model under consideration, we neglect the angular and spatial distribution of the incident radiation. This is justified by the fact that qualitatively the quantum yield should not change much as the main contribution arises due to spontaneous transitions. Then neglecting the induced emission transition rates in the presence of background radiation are given by the following relations
for the transitions from the upper level to the lower one (E i > E j ) and
for transitions from the lower level to the upper one (E i < E j ). Here ν ij = |E i − E j | /h is transition frequency in the laboratory frame of reference, A ij is the Einstein coefficient for the probability of spontaneous emission, g i is the statistical weight of state i. It is convenient to rewrite Eq. (1) in terms of Menzel factors [6] 
where n LTE i is the equilibrium population of level i given by Saha equation.
Here n µ is the muon number density, n n is number density of atomic nuclei (protons or alpha particles), h is the Planck constant, m µ is the muon mass and E ion i is the ionization energy for the muonic atom in the state i (E ion 1s (µp) = 2528 eV and E ion 1s (µ 4 He) + = 10942 eV) and T M is the matter temperture. Then using Eq. (4) and taking into account that n
R ji system of rate equations (1) takes the form [4, 5] 
We are interested in corrections to equilibrium populations, meaning that we sought the solution of equations (6) in the form 1 + ∆b i . Obviously, the system of equations for corrections ∆b i has the same form as for the populations themselves. Therefore below we will understand b i as corrections to populations. Moreover we need to take into account the probability of muon transition from the state i to the state j under the condition that the muon does not decay during its lifetime τ µ = 2.197 × 10
s. This can be done by multiplying each equation of system (6) by branching ratio
According to Eqs. (7), (8) the absolute probability to emit a photon in transition 2p → 1s + γ(E1) before the natural decay of µ is p 2p1s = 0.99 both for µp and (µ 4 He) + atoms. The absolute probability to emit two photons in transition 2s → 1s + γ(2E1) is p 2s1s = 0.003 for µp and p 2s1s = 0.23 for (µ 4 He) + [7, 8] . Consequently two-photon transitions 2s ↔ 1s should be also taken into account when solving the system (6) for (µ 4 He) + atom. By the definition, the quantum yield in the transition between the upper level i and the lower level j is the number of uncompensated transitions in this line per one initial excited atom in the pumping line. Since we assumed that the Menzel factor for the upper level of pumping line is b k = 1 at t = 0, then the population of this level is n LTE k , i.e., given by Saha equation (5) . Finally the number of uncompensated transitions (quantum yield) in line i → j is obtained by multiplying corresponding term in system (6) by n
Interval of integration over the time t in Eq. (9) is limited by the muon lifetime τ µ , i.e. only transitions that occur in a time shorter than the muon lifetime contribute to the quantum yield. Since the medium is not supposed to be optically thick the Sobolev yield probability is not taken into account in Eq. (6). The absorption rates in Eq. (6) depend on the radiation intensity I ν of source. As an example for our estimations we consider different model of source spectrum. As a first model of spectrum we consider the Planckian distribution (in units
In the second case we consider the power law dependence of the spectrum q ij with α = 2.5 and α = 3. The choice of the degree of α is due only to the need to demonstrate how different spectral models work. In our example, we chose two values giving the highest values of quantum yield q ij . Under the real conditions, knowledge of the exact spectrum is necessary [9] . Both spectral models (Eq. (10) and (11)) depend on effective temperature T of a source.
The results of evaluations of Eq. (9) for two different models of spectra are presented in Figs. 1-4 . The pumping channels and considered luminosity lines are chosen so as to get rid of the dependence of the quantum yield on the number densities of states, i.e. we set n
in Eq. (9). The calculations are based on the model of a muonic hydrogen and muonic helium ion with 27 states (n 10 and l 2). Einstein coefficients for the electric dipole transitions were calculated by rescaling of transition rates for ordinary H and 4 He + atoms with the reduced mass M red = m n m µ /(m n +m µ ) (m n and m µ are the masses of nuclei and muon respectively) (see also [10] ). The rate of spontaneous two-photon transition 2s → 1s + 2γ(E1) for muonic hydrogen atom is A Consequently two-photon transitions 2s ↔ 1s play unimportant role when solving system (6) for muonic hydrogen atom. Another situation arises for muonic helium ion. The spontaneous two-photon decay rate A 2E1 2s1s ((µ 4 He) + ) = 1.06 × 10 5 s −1 becomes comparable to the decay rate of muon [7, 8] , and there is nonnegligible probability to reach the ground state with emission of two photons. The rates of spontaneous magnetic dipole transition 2s → 1s + γ(M1) are strongly suppressed and not taken into account for both atoms [8] .
The transition energies and Einstein coefficients for µp and (µ 4 He) + atoms averaged over orbital momenta are presented in Tables I and II 
III. RESULTS AND DISCUSSION
The main result of this paper is to show the possibility of observable signatures of muonic hydrogen and muonic helium ion lines on the spectra of astrophysical sources. Within the considered model we found that the luminescence in the lines of µp and (µ 4 He) + atoms can be very noticeable in the spectrum of background source (see Figs. 1-8 ). The very high efficiency on a wide set of spectral lines could be important for the reliable identification of the origin of spectral lines. In spite of the fact that simple spectral models are used in the present work, the result should not change qualitatively with more accurate models of spectra 
